The jaw is one of the most important articulators in speech production. Despite this, we know next to nothing about how Japanese speakers use their jaw to produce vowels. Against this background, in order to explore the articulatory natures of Japanese vocalic jaw movements, this paper presents a detailed, quantitative EMA study of the five vowels in Japanese, focusing on the following four specific questions: (1) How many mms does the jaw open for each type of vowel in Japanese?; (2) Does the presence of an onset consonant affect the degrees of jaw opening?; (3) Does the speed of the jaw movement vary depending on how much the jaw opens?; (4) What is the reliable acoustic correlate of the jaw opening? In answer to these questions, the current experiment demonstrates that (1) In Japanese, the degree of the jaw opening is in the order of (2) The presence of onset consonant [p] generally decreases the jaw opening; (3) The degrees of the jaw opening and its speed positively correlate; and (4) F1 and duration are reliable acoustic correlates of the jaw opening. Implications of these results for phonetic theories are discussed throughout the paper.
Introduction
In the history of phonetic research on speech articulation, more attention tends to be paid on tongue movement than on jaw movement. However, a number of researchers have shown that the jaw is nevertheless one important articulator in speech production. It has been shown, for example, that the jaw opens wider for stressed vowels than for unstressed vowels in English; contrastive emphasis likewise results in larger jaw opening in English, Japanese and other languages [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . This body of research shows that speakers make use of the jaw to express metrical and semantic prominence. There are also studies on effects of metrical phrasing on articulatory kinematics in terms of jaw movement [13] [14] [15] , which found systematic patterns. Some previous work shows that speakers use the jaw to express sentential rhythm in such a way that a vowel that is more prominent within a sentence shows a larger jaw opening [7, [16] [17] [18] . These findings led to a theory of speech articulation, such as Fujimura's C/D model [19] [20] [21] , in which the jaw is designated as the primary articulator, through which phonological representations are mapped on to phonetic gestures.
At the segmental level, differences in vowel heightor sometimes called vowel "openness" [22] [23] [24] -result in different degrees of the jaw openness [25] [26] [27] [28] [29] . We believe that this is a highly understudied area, in general but particularly in Japanese. Most if not all phonetics textbooks, when explaining vowel articulations, focus on tongue gestures, not mentioning any jaw movement patterns (e.g. [30] [31] [32] , among others). When it comes to Japanese, we know next to nothing about how the jaw moves when articulating vowels. The only quantitative, articulatory study on the jaw opening in Japanese vowels that we are aware of is [33] , which is preliminary in the sense that the work analyzed only two speakers. Extending on this work, we report more comprehensive data on the jaw movements of the five different vowels in Japanese. Against the theoretical background laid out above, this paper explores the phonetics of the jaw movement in five Japanese vowels with the following specific questions in mind. (For a study addressing the effect of contrastive emphasis on Japanese jaw movement, see [3] ; for studies address the effects of Japanese phrasal prominence and lexical accent, see [34, 35] -we do not deal with these topics in this paper.)
(1) How many mms does the jaw open for each type of vowel in Japanese? The answer to this ques-tion has descriptive value in and of itself: we want to know precisely how much the jaw opens for each different vowel, just as, say, we want to know the formant characteristics of each vowel. Getting these concrete measures on jaw opening is of some significance, partly because vowel height is sometimes characterized as "openness" (e.g. in the current IPA system). Quantitative measures are also useful for studies on the jaw movement using sentences with different vowel qualities; by knowing how much vowel quality affects the jaw opening, we can potentially "wash away" these effects, using the algorithm proposed by [28, 29] . This analysis allows researchers to study the impact of prosody on jaw movement, without worrying about the effects of vowel quality.
(2) Does the presence of an onset consonant affect the jaw opening in Japanese? This question is related to the general issue of coarticulation in phonetic research. How does the consonant and the vowel interact in terms of the jaw movement? Coarticulation is well-studied for tongue movement as well as for laryngeal gestures (see [36] ). How about the jaw? (see e.g. [27] ). [33] showed effects of consonant-vowel coarticulation with coronal consonants such as [t] and [n] (but again, with only two speakers). On the other hand, a study on English speakers using video recordings [37] did not show strong evidence for consonant-vowel articulation for jaw movement. Given the results of these previous studies, it would be interesting to test whether labial consonants coarticulate with vowels, when they use independent articulators (cf. [38, 39] ). It is also interesting to test whether coarticulation in jaw movement is observed across different speakers in general.
(3) Does the speed of the jaw movement vary depending on how much the jaw opens in Japanese? We can conceive of two hypotheses about this question: (i) the speed is constant across different vowels vs. (ii) those vowels that involve larger jaw opening involves higher speed; behind this second hypothesis lies a principle that speakers make vowel duration more constant than otherwise. This hypothesis is implied in an oft-heard statement like "low vowels are longer because the jaw has to travel longer" (e.g. [40] ) (though see [41] [42] [43] for counterevidence of this claim). Some other work [13, 44] on the other hand, presents evidence for the latter hypothesis that the speed and displacement degree may correlate with each other. To the extent that Japanese is mora-timed (see [45] for a critical overview), speakers may attempt to keep the durations of different vowels constant to the extent possible, predicting different speed profiles for different vowels. To the best of our knowledge, this question has not been addressed for Japanese speech.
(4) What is the acoustic correlate of the jaw opening? Previous studies have shown that the primary acoustic correlate of vowel openness is F1 in English [16] (see also [46, 47] ), where larger jaw opening corresponds to higher F1. This correlation holds presumably because the Helmholtz resonation, which is responsible for F1, positively correlates with the area function of the Helmholtz resonator, as given in the equation (1) (adapted from [48] ). A c , which is the numerator of the equation (1), is larger for more open vowels, resulting in higher F1. (For previous acoustic analyses of Japanese vowels, which deal with other acoustic features including higher formant values, see [49] [50] [51] [52] [53] ).
(where c is the speed of sound, A is the area function, l is the length, c is the constricted tube, b is the tube behind the constriction) There are other acoustic cues that are known to sometimes correlate with vowel openness. For example, F0 is often reported to be higher for higher-or more closedvowels [50, [54] [55] [56] . Intensity has been thought to be an acoustic correlate of sonority, where more open vowels are more sonorous [57, 58] . [57] cites many studies which have found correlation between sonority and intensity level, some of which include vowels of different openness (p.111). The experiment reported in [57] , however, did not find this correlation between intensity and vowel openness either in English or Spanish. This inconsistency may come from the fact that on the one hand, the more open the mouth is, the less energy is trapped in the mouth (see [59] ); on the other hand, lower F1-characteristics of closed vowels-results in higher intensity [47] . F0 and intensity seem to show less consistent correlation with jaw opening. Finally, the more open vowel is usually longer [40, [60] [61] [62] . However, a recent study [63] who studied the vowel duration patterns in the Corpus of Spontaneous Japanese (the CSJ: [64] ) found that there is very large variability, so much so that durational differences among vowels may not be that reliable in real speech.
Against these previous studies, we test F0, F1, intensity, and duration to investigate how robustly each of these acoustic measures correlate with jaw openness in the production of Japanese speech.
Method

EMA
This study made use of 3D EMA (ElectroMagnetic Articulograph), which allows us to obtain quantitative measurements of the articulatory movements. The current experiment used Carstens AG500, hosted at Japan Advanced Institute of Science and Technology (JAIST), Ishikawa, Japan. The crucial target sensor was placed on the lower incisor of the speakers. Four additional sensors were attached to the speakers in order to correct for the head movement during recording. The distance between the bite plane and the lower incisor was calculated, as a quantitative measure of the jaw opening. See Fig 1 for illustration. Fig. 1 Illustration of the estimation of the bite plane (top) and the placement of a sensor on the lower incisor (bottom). These pictures were taken for a different experiment, but they are close enough to illustrate the current experiment.
Speakers
The participants were five native speakers of Japanese, coded as SpS (Male), SpL (Female), SpH (Female), SpT (Female), and SpY (Female) in this paper. All speakers were in their 20's or 30's at the time of recording.
Procedure
The current study analyzes the following data: All the five vowels in Japanese- [ uses the lips, it would be interesting to examine whether it affects the jaw movement, as the lips and the jaw are in principle independent articulators. Finding interaction between [p] and the following vowel would be robust evidence for coarticulation between vowels and preceding consonants (recall that [33] already found evidence for consonant-vowel coarticulation with consonants produced with the tongue). Second, using syllables with [p] had a virtue of, during the measurement phase, being able to isolate the consonantal gesture from the vocalic gesture.
To control for the order effect, our stimulus structure took the form of a Latin-Square matrix, shown in Table  1 . Table 1 The stimulus structure
Since there are five vowels in Japanese, the stimulus structure had five rows. The order of the first row
is the standard way of reciting vowels in Japanese orthography. Within each row, all the five vowels appeared, and the initial vowel was repeated at the end of each line to avoid the effect of phrase-final large jaw opening in Japanese [34, 35] (cf. [65] for general phrase-edge strengthening effects). However, upon the examination of the obtained data, no effects of the phrase-final opening were observed; therefore, all data were included in the analysis. In this structure, all the vowels appear 6 times, and the position in which each vowel occurs is controlled.
All the speakers repeated this matrix 5 times, which was presented via a Powerpoint screen, mixed with many other stimuli of other experiments.
EMA analysis
The analysis of the EMA data was conducted using mview, custom developed at Haskins Laboratory. An example of the mview screen is given in Fig 2. For the displacement data, using the lp snapex function (an mview-internal function), the maximum point of jaw displacement was automatically detected for each vowel, both for onsetless syllables and those with [p] . The jaw speed was measured with syllables with onset [p]. This is because the speakers "reset" the jaw opening with these syllables, as they need to close their lips for [p]-for onsetless syllables, locating velocity maximum was hard to locate. Maximum velocity of the jaw was mea-sured at the onset of each syllable, which represents its max velocity in the opening phase for all the target syllables. The lp peaks function in mview is used for this measurement. 
Acoustic analysis
The speech signals were recorded simultaneously with the EMA recording, at a sampling rate of 16 kHz. The acoustic analysis is based on the analysis of onsetless syllables, in order to avoid coarticulatory effects of [p] . Despite the instructions to the contrary, Speakers SpL and SpH did not put a pause between each vowel, and therefore acoustic measurement was impossible for them, because boundaries between each vowel were too blurry to locate precisely. Speaker SpY forgot to put a pause for about half of the tokens. For this speaker, only measurable tokens were used in the following analysis (108 tokens out of 180). Using Praat [66, 67] , boundaries for each vowel were placed using the annotation function, as shown in Fig.  3 . A script was written to automatically detect the midpoint of each vowel based on these annotations, and to create a 20 ms analysis window centering that midpoint. Average values for F1, F0, intensity and duration within these analysis windows were then extracted. We note in passing that in English too, within a pair of the same height, front vowels tend to show larger jaw opening than back vowels [28, 29] , as shown in Fig 4. The similarity between Japanese and English we found here is interesting, and should be explored in other languages in future research. Table 3 shows the jaw displacement degrees in syllables with onset [p]. Overall, compared to Table 2 , the jaw opens less; this pattern holds for all the vowels for all the speakers, except for the two high vowels for SpT. The general ordering among the five vowels- Based on [28, 29] .
Results
EMA results
what [33] showed with coronal consonants. It seems that consonant-vowel coarticulation is prevalent in jaw displacement patterns in Japanese (cf. [37] ). [i] for SpT). In other words, the more open the vowel, the faster the jaw moves [13] . This is not compatible with the idea that the speed of the jaw is kept constant across different vowels, and instead supports the proposal that speakers keep "articulatory duration" more or less constant.
To visualize correlation between degrees of the jaw displacement and speed, Fig. 5 shows a scatterplot between these two measurements. We observe that for a vowel that involves larger opening, the faster the jaw moves. We could take this to be evidence that Japanese speakers may possibly control the duration constant (at least more constant than otherwise), just like English speakers studied in [13] (cf. the observed addressed under the notion of "stiffness" in task dynamics; see e.g. [44] ). This result suggests that the oft-made statement that "low vowels are longer because the aw has to travel longer" is not necessarily true (see also [41, 42] ). This sort of statement assumes that the speed of the jaw is constant across different vowels, which is proven not to be true in the current results. Of course, the correlation is not perfect, and therefore it is not the case that all vowels have the exact same duration, as we will confirm in Table 8 later (see also [40, [60] [61] [62] for work addressing durational differences between vowels). Duration is more constant across different vowels than if speakers were using the same speed for all the vowels. Tables 5, 6, 7, 8 One interesting reversal found between the jaw open- Tables 2  and 3 ), F1 is lower for [i] than [u] . We conjecture that this "reversal" occurs because tongue backness affects Helmholtz resonation as well. Recall the equation given in (1), where the Helmholtz resonation is lowered as the length of the back cavity gets longer [48] . Concerning F0 and intensity (Tables 6 and 7) , we do not seem to observe systematic covariation as a function of vowel openness. In fact, in the current results, F0 and intensity do not seem to differ very much between the five different vowels. (8) 211 (8) 214 (7) 203 (16) As for duration, Table 8 shows that [a] , which tends to involve large jaw opening, tends to be longer. High vowels-[i] and [u]-on the other hand tend to be shorter, and recall that they show small jaw opening. These observations suggest that duration does correlate with jaw opening, despite speakers' effort to move the jaw quicker for a vowel that involves large jaw opening. (17) 224 (17) To visually examine the correlations between jaw openness on the one hand and F1, F0, intensity, and duration on the other, Fig. 6 provides three scatterplots. To avoid obtaining spurious correlations due to interspeaker differences, these values are normalized within each speaker. It shows that F1 and duration, and not the other two acoustic measures, correlates with the jaw opening.
Acoustics
This result shows that F1 is a fairly robust acoustic correlate of jaw opening (ρ=0.86), supporting the proposal put forward by [16] . This correlation makes sense given how F1 is affected by the area function of the constriction [46] [47] [48] (though see the discussion above on the effect of tongue backness on F1). Duration too correlates significantly with jaw opening, despite the fact that the jaw moves faster for a vowel that requires large jaw opening. Thus, although speakers may attempt to keep articulatory duration for each vowel constant, the perfect isochrony is not achieved, at least not acoustically.
Another intriguing aspect of this result is that it shows that intensity does not necessarily correlate with the jaw opening (cf. [59] )-just because the jaw is more open, it is not necessarily the case that more energy comes out of the mouth (see also [58] ).
Conclusion
The current study is situated in the emerging research tradition, which has shown that the jaw is one of the important articulators for speech production. This research tradition has often focused on how metrical or semantic prominence impacts the degree of jaw opening. Less well studied, in our opinion, is the effect of vowel quality on the degrees of jaw opening, and precisely how the jaw is used in producing these five vowels in Japanese. We aimed to fill that gap.
In that spirit, this study addressed the following questions: (1) How many mms does the jaw open for each type of vowel in Japanese?; (2) Does the presence of an onset consonant affect the jaw opening?; (3) Does the speed of the jaw movement vary depending on how much the jaw opens?;(4) What is the acoustic correlate of the jaw opening?
In answer to these questions, the current experiment, based on EMA and acoustic data, demonstrates the following.
(1) In Japanese, the degree of the jaw opening is in the order of
The more "open" (or lower) vowels indeed show larger jaw opening, and within a pair of the same height, the jaw opens more for front vowels. (2) The presence of onset consonant [p] decreases the jaw opening, which shows that the jaw and the lips coarticulate in Japanese. This expands on a previous, preliminary, finding about the coarticulation between consonants and vowels by [33] (cf. [37] ). (3) The degrees of the jaw opening and its speed positively correlate, which can be taken as evidence that speakers may attempt to make the "articulatory duration" constant, if not perfectly, across different vowels [13] . (4) F1 and duration are reliable acoustic correlates of jaw opening, at least more reliable than F0 or intensity [16] . We hope that this study provides a first step toward understanding how Japanese speakers-and speakers of other languages, for that matter-use the jaw to produce speech sounds. 
